BACKGROUND: Body mass index (BMI) discordant monozygotic (MZ) twins allow an examination of the causes and consequences of adiposity in a genetically controlled design. Few studies have examined longitudinal BMI discordance in MZ pairs. OBJECTIVES: The aim of this work was to study the development over time of BMI discordance in adolescent and adult MZ twin pairs and to examine lifestyle, metabolic, inflammatory and gene expression differences associated with concurrent and long-term BMI discordance in MZ pairs. SUBJECTS/METHODS: BMI data from 2775 MZ twin pairs, collected in eight longitudinal surveys and a biobank project between 1991 and 2011, were analyzed to characterize longitudinal discordance. Lifestyle characteristics were compared within discordant pairs (ΔBMI ⩾ 3 kg m − 2 ) and biomarkers (lipids, glucose, insulin, C-reactive protein, fibrinogen, interleukin (IL)-6, tumor necrosis factor-α and soluble IL-6 receptor and liver enzymes aspartate aminotransferase, alanine aminotransferase and gamma glutamyl transferase) and gene expression were compared in peripheral blood from discordant pairs who participated in the Netherlands Twin Register biobank project. RESULTS: The prevalence of discordance ranged from 3.2% in 1991 (mean age = 17, s.d. = 2.4) to 17.4% (N = 202 pairs) in 2009 (mean age = 35, s.d. = 15) and was 16.5% (N = 174) among pairs participating in the biobank project (mean age = 35, s.d. = 12). Of the 699 MZ pairs with BMI data from 3 to 5 time points, 17 pairs (2.4%) were long-term discordant (at all available time points; mean follow-up range = 6.4 years). Concurrently discordant pairs showed significant differences in self-ratings of which twin eats most (P = 2.3 × 10 − 13 ) but not in leisure time exercise activity (P = 0.28) and smoking (P40.05). Ten out of the 14 biomarkers showed significantly more unfavorable levels in the heavier of twin of the discordant pairs (P-values o 0.001); most of these biomarker differences were largest in longitudinally discordant pairs. No significant gene expression differences were identified, although high ranking genes were enriched for Gene Ontology terms highlighting metabolic gene regulation and inflammation pathways. CONCLUSIONS: BMI discordance is uncommon in adolescent identical pairs but increases with higher pair-mean of BMI at older ages, although long-term BMI discordance is rare. In discordant pairs, the heavier twin had a more unfavorable blood biomarker profile than the genetically matched leaner twin, in support of causal effects of obesity.
INTRODUCTION
Even for highly heritable traits, there can be substantial discordance in monozygotic (MZ) twin pairs. 1, 2 The causes for discordance may include unequal environmental exposures, 3, 4 post-twinning DNA mutations, 5 stochastic factors 6 and epigenetic differences between twins. 7 For body mass index (BMI), heritability estimates tend to be high. 8 During foetal life, the heritability of body size increases between the second and third trimester. 9 After birth, the heritability of BMI continues to increase with age during childhood but decreases with age in adulthood. 10 Similar variation has been demonstrated for the effects of genetic variants on BMI. For example, the association between the FTO (fat mass and obesity-associated) gene and BMI strengthens with age during childhood and adolescence to a maximum effect at age 20 years but declines after this age. 11 These observations suggest that genetic influences are not deterministic and that the impact of heritable factors at least partly depends on non-genetic factors.
MZ twins are genetically (nearly) identical 12 and therefore give insight into the potential range of variation in body weight at a given genetic background. Previous studies, however, indicated that MZ twins with large BMI discordance are rare. 13 To date, at least three studies of BMI-discordant MZ twins have been described, including a well-characterized group of obesity-discordant MZ twins from Finland, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] a group of overweight-discordant MZ twins from the United States 26 and a BMI-discordant group from Belgium. 27 In studies that reported the height of BMI-discordant twins, no significant difference in height was evident in these pairs. 24, 27 In the longitudinal cohort of 658 Finnish MZ twin pairs, 14 obesity-discordant MZ twin pairs with an intra-pair difference 44 kg m − 2 were identified at age 22-27 years. 13, 24 Retrospective data showed that the discordance had emerged around age 18 years. 24 Importantly, many BMIdiscordant pairs did not continue to be discordant when followed over time. 14 Overweight and obesity are commonly regarded as an indicator of excessive energy intake and have been linked to adverse metabolic and cardiovascular changes and to conditions, including the metabolic syndrome, type 2 diabetes, coronary artery disease and depression. [28] [29] [30] [31] [32] [33] [34] Growing evidence suggests that a key mechanism behind the pathogenesis of the consequences of obesity and associated conditions involves chronic overactivation of cellular stress signaling and inflammatory pathways in response to energy intake that strongly exceeds energy expenditure. [35] [36] [37] [38] Associations of overweight and obesity with blood levels of metabolic and inflammatory biomarkers are well established based on epidemiological studies (see, for example, Srinivasan et al. 39 ), but a limitation in population-based studies is that results can be (partly) confounded by genetic factors, because weight, lipid levels and glucose metabolism can be influenced by common underlying genetic influences. 40 Several genes with pleiotropic effects on birth weight and type 2 diabetes have been identified, 41, 42 where the allele associated with lower birth weight and subsequent increased postnatal weight gain also increases the risk of type 2 diabetes in adulthood.
Studying biomarker levels in BMI-discordant MZ twins has the advantage that the relationship between differences in BMI and biomarker levels can be revealed under an identical genetic background and age. The current study had two main aims. First, we aimed to examine the prevalence of BMI differences in MZ twin pairs and their development over time, analyzing BMI data from 2775 MZ twin pairs collected throughout adolescence and adulthood over a period of up to 20 years. Second, in subsets of these data, we examined whether differences in life style factors, metabolic and inflammatory biomarkers, and gene expression in peripheral blood are present in concurrently BMI-discordant and long-term discordant MZ twin pairs.
MATERIALS AND METHODS Subjects
MZ twins from the Netherlands Twin Register (NTR) 43 took part in eight longitudinal survey studies between 1991 and 2009, and between 2004 and 2011 a subgroup also participated in the NTR biobank project. 44, 45 BMI data were available for 2775 MZ twin pairs (including 6 pairs who were part of triplets): 1709 pairs participated in the survey studies only and 1066 pairs participated also in NTR biobank, of which 1044 pairs participated once, and 22 pairs participated twice in biobanking (interval: 3-7 years, mean = 5 years). Of the pairs who participated in the NTR biobank, 11 pairs (including 3 pairs who were discordant for BMI) were excluded because 1 twin was pregnant. After quality control, data on gene expression and cell counts were available for 634 pairs. Zygosity assessment is described in the Supplementary Methods. Informed consent was obtained from participants and study protocols were approved by the Medical Ethics Committee of the VU University Medical Centre.
Anthropometric, health and lifestyle measures
Data on height and weight were obtained in eight surveys (self-report). In the NTR biobank project, height was obtained with a stadiometer for 6.4% of MZ twins or through self-report and weight (kg) was obtained to the nearest 0.05 kg using an electronic scale (SECA, Hanover, MD, USA). BMI was calculated as: weight (kg)/(height (m)
2 ). Self-reported height data were checked for consistency over time (Supplementary Methods). Surveys also contained questions regarding demographic and lifestyle characteristics, including cigarette smoking, eating habits, leisure time exercise activities and birth weight (Supplementary Methods). Waist and hip circumference were assessed in the NTR biobank project with measurement tape. Additional measures collected at blood draw for the NTR biobank project included information regarding lipid-lowering and diabetes medication, menopause and pregnancy status. BMI difference (ΔBMI) was computed for each MZ pair as the difference between the heavier and the lighter twin for all data points (for N pairs at each survey and the NTR biobank project, see Table 1 ). BMI discordance was defined as ΔBMI ⩾ 3 kg m − 2 , in line with the threshold applied in previous studies of BMI-discordant pairs. 13, 26, 27 Blood biomarker profiles Blood samples were collected as part of the NTR biobank project after overnight fasting 44 to assess total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, low-density lipoprotein (LDL) cholesterol, glucose, insulin, tumor necrosis factor-α, interleukin (IL)-6, soluble IL-6 receptor, fibrinogen, C-reactive protein, aspartate aminotransferase, alanine aminotransferase and gamma glutamyl transferase, as described in detail previously. 44 Data on blood biomarkers were available for 878 (83%)-966 (92%) complete MZ pairs who participated in NTR biobank (range is for different biomarkers). For additional information, see Supplementary Methods.
Gene expression profiles
RNA extraction, 44 expression profiling and expression quality-control procedures have been described in detail previously. 46 In short, gene expression in whole blood drawn for the NTR biobank project was measured with Affymetrix U219 arrays (GeneTitan, Santa Clara, CA, USA), which contain 530 467 probes for 49 293 transcripts. For further information, see Supplementary Methods.
Statistical analyses BMI, lifestyle and biomarkers
The selection of twins for each analysis is illustrated in Figure 1 . Associations of ΔBMI with age, sex and BMI level were tested by linear Here observations corresponded to twin pairs, and one measure of BMI was included for each pair (2775 pairs in total), which was selected from the most recent time point at which both twins participated, with a preference for biobank measures of BMI. To examine the progression of BMI discordance over time, we studied data from MZ pairs with BMI data available from ⩾ 3 time points (N = 1154 pairs, Figure 1a ) and MZ pairs with BMI data available from ⩾ 2 time points (N = 1709, Figure 1b ). Lifestyle data (exercise activity, eating habits and smoking) collected in survey 8 (2009) were studied in all pairs who were discordant for BMI at that time point (Figure 1c) , and blood biomarkers, gene expression and additional measures collected as part of the NTR biobank project were examined in all MZ pairs who were discordant at blood draw ( Figure 1d ) and in a subset of longitudinally discordant pairs, who were selected out of 699 MZ pairs who participated in the NTR biobank plus in at least two surveys (Figure 1e ). Finally, to verify whether differences within MZ pairs are present before BMI discordance, biomarkers and gene expression differences were tested in a separate group of MZ pairs. These pairs were not yet discordant when blood samples were collected or at prior surveys but they became discordant ⩾ 1 year after blood draw. Thus, for these pairs, data on gene expression and biomarkers were not available during discordance (Figure 1f) . Differences between the heavier and leaner twin from discordant pairs were tested with Wilcoxon Signed Ranks tests (ordinal data), McNemar tests (dichotomous data) and paired t-tests (continuous data) in SPSS. In total, 9 lifestyle variables were compared within discordant pairs who participated in surveys and 24 variables (excluding gene expression) were compared within discordant pairs who participated in the NTR biobank. To account for multiple testing, a P-value o 0.002 ( = 0.05/27) was considered significant in comparisons of biomarkers and lifestyle, where 27 represents the number of independent dimensions in the data, estimated with the online software program MatSpD (http://gump.qimr.edu.au/general/daleN/ matSpD/; Supplementary Methods). To rule out that small differences in age between co-twins (related to variation in the response time to questionnaires and because a subset of MZ co-twins who participated in the NTR biobank were not assessed on the same day) influenced the within-pair comparison of BMI, we tested for differences in age at assessment; there were no differences in age between discordant twins in any of the groups.
Statistical analyses of gene expression
Gene expression levels corrected for a number of covariates (neutrophil, basophil, eosinophil, lymphocyte and monocyte cell counts, smoking status, age, sex, hemoglobin, hour of blood sampling, days between blood sampling and RNA extraction, plate and location on the plate, see Wright et al. 47 ) were compared within discordant pairs by applying a paired t-test to all probe sets (44 241 probe sets after quality control) in R. 48 All probe sets were ranked by P-value to test for enrichment of Gene Ontology (GO) terms and for enrichment of a set of candidate genes for BMI, based on loci identified by a genome-wide association study of BMI. 49 Enrichment analyses were conducted with the software packages GOrilla 50 and GSEA, 51, 52 as described in the Supplementary Methods. All gene expression analyses accounted for multiple testing by controlling for the false discovery rate (FDR). An FDR q-valueo 0.05 was considered significant. The FDR q-value for probe sets was computed with the R function q-value with default settings.
RESULTS
Prevalence of BMI discordance and relation with age, sex and mean BMI The mean age of twins ranged from 17 years in 1991 (first survey) to 35 years in 2009 (last survey, from which lifestyle variables were analyzed). At all time points, the majority of MZ twins had highly similar BMIs (Table 1) , with 87.7-89.0% of pairs in surveys 1-3 showing a BMI difference o2 kg m − 2 . The percentage of discordant MZ pairs (ΔBMI ⩾ 3) ranged from 3.2% in survey 1 to 17.4% in survey 8, when relatively more older pairs were included. To illustrate: if both twins have a height of 175 cm, a ΔBMI of 1 between co-twins corresponds to a weight difference of 3.1 kg, ΔBMI of 2 corresponds to a weight difference of 6.1 kg and ΔBMI of 3 to 9.2 kg.
Within-pair differences increased at each successive survey, together with the age and BMI of twins. In a linear regression analysis with ΔBMI as outcome and sex and age as predictors, ΔBMI was larger in female pairs and increased significantly with the age of twins (P sex = 7.2 × 10 − 3 , P age = 4.6 × 10 − 21 ). However, when mean BMI of the twins was added as predictor, ΔBMI was only significantly associated with sex and mean BMI (P sex = 4.9 × 10 ), suggesting that ΔBMI increases with the mean BMI of a pair. We next ranked the twin pairs on the basis of the BMI class (underweight, normal weight, overweight or obese) of the leaner twin. A BMI difference ⩾ 3 between co-twins was evident in 10.1% of pairs where the leaner twin had a BMI in the underweight range, 12.3% of pairs where the leaner twin had a normal BMI, 21.7% of pairs where the leaner twin was overweight and 45.5% of pairs where the leaner twin was obese.
Progression of BMI discordance over time
To examine the progression of BMI discordance over time, we studied data from pairs who participated in at least three NTR projects (Supplementary Table S1 ) and found that 30.9% was discordant at least once, but only 7.1% of all pairs had a ΔBMI ⩾ 3 at ⩾ 3 time points; still, some of these pairs did not cross the threshold for discordance at the most recent project in which they participated (N = 14, Figure 1a ). These findings suggest that it is not uncommon for MZ twins to show episodes of discordance and converge later, while long-term BMI discordance is rare. Across all time points, we identified 305 BMI-discordant MZ twin pairs (ΔBMI ⩾ 3, at any time point) with follow-up data after being identified as discordant (on average 3 years later, Figure 1b) . At follow-up, the average BMI difference between co-twins had decreased, and 169 pairs (55.4%) were no longer discordant ('converging pairs'), due to weight gain of the leaner twin (mean 5.2 kg, s.d. = 6.1) and weight loss of the heavier twin (−2.9 kg, s.d. = 6.8; Supplementary Table S2 ). The following combinations were observed among converging pairs: leaner twin gained weight and heavier twin lost weight (45.6%), both twins gained weight (27.2%), both twins lost weight (11.8%), the leaner twins' weight was stable while the heavier twin lost weight (7.7%), or the heavier twin's weight was stable while the leaner twin gained weight (7.7%). Overall, 80.4% of initially leaner twins from converging pairs gained weight, and 65.1% of initially heavier twins lost weight. For 98 converging pairs, we also had BMI data before they became discordant (on average, 3 years earlier). These data showed that 79.6% of the heavier twins and 76.5% of the leaner twins had ended up heavier after discordance in comparison to their BMI before discordance (average weight change in all converging pairs over the entire period of, on average, 6.5 years: heavier twin; mean = +4.8 kg, s.d. = 6.5, leaner twin; mean = +4.9 kg, s.d. = 6.9) and suggest that discordance mainly reflects one twin starting out earlier on a trajectory of weight gain.
Lifestyle
To assess whether BMI discordance in MZ twins is related to lifestyle differences, survey data collected in 2009 from 202 discordant pairs were studied ( Figure 1c ; Table 2 ). Heavier and leaner twins equally often reported to participate in leisure time exercise regularly (62.9% of leaner twins and 57.1% of heavier twins participated in exercise on a regular basis, P = 0.28). Discordant twins also did not differ in the number of reported hours of exercise per week (P = 0.58), but a difference was noticed in response to a question that asked twins about their relative food intake (P = 2.3 × 10 − 13 ). To the question 'Who of you eats most?', 50.3% of the heavier twins responded with 'I eat most' versus 6.3% of the leaner twins. In all, 43.2% of the leaner twins reported that their co-twin eats most, while 3.1% of the heavier twins reported that their co-twin eats most. Heavier twins also reported to go on a diet more often compared with their leaner co-twins (P = 2.1 × 10 − 5 ). Discordant twins did not differ significantly in smoking status (P current smoking = 0.054, P ever smoked = 0.50).
We hypothesized that changes in smoking status may potentially contribute to shifts in BMI discordance and therefore compared smoking status in pairs who were initially discordant but concordant after a period of, on average, 3 years ('converging pairs' described in the previous section). We observed a larger percentage of individuals who quit smoking (14.1%) among the initially leaner twins compared with the initially heavier twins (4.3%). Of the initially leaner twins who quit smoking, all except for one twin gained weight (mean change = +9.8 kg, range = − 2 kg to +27 kg). Of the (initially) heavier twins, 14.5% had started smoking (of which 70% lost weight: mean change = − 2.56 kg, range = − 10 kg to +8 kg) versus 2.8% of the initially leaner twins. Although this pattern is in line with changes in BMI discordance being related to changes in smoking status of twins, the difference in smoking status over time in converging pairs was nominally significant only (P = 0.012), and a similar trend of quitting smoking was noticed among the leaner twins from pairs of who were still BMI discordant at follow-up (Supplementary Table S2 ).
Blood biomarkers There were 174 MZ twin pairs with a BMI difference ⩾ 3 kg m − 2 at blood draw (16.5%). Their average age was 38.5 years and 69% were female. The BMI of the heavier twins was on average 5.1 kg m − 2 (22%) larger compared with the leaner co-twins (range = 3-13, Figure 2a) , and the weight, waist circumference and hip circumference of heavier twins were, on average, 14.7 kg, 11.0 cm and 8.4 cm larger, respectively, compared with their leaner co-twins (Table 3 , first four columns). Heavier twins had significantly (P o 0.002) higher levels of glucose, insulin, total cholesterol, LDL cholesterol, triglycerides, C-reactive protein, IL-6, soluble IL-6 receptor and gamma glutamyl transferase, a lower level of HDL cholesterol (P-values: 6.0 × 10 − 13 − 0.001) and a nominally significant trend of higher fibrinogen (P = 2.2 × 10 − 3 ), compared with their leaner co-twins. Discordant twins did not differ significantly (P ⩾ 0.002) in height, birth weight, plasma levels of tumor necrosis factor-α, aspartate aminotransferase, alanine aminotransferase, menopause status and use of lipid-lowering BMI discordance in monozygotic twins J van Dongen et al medication or diabetes medication (P-values: 0.04-0.88). These findings illustrate that the heavier twins from genetically identical BMI-discordant pairs show less favorable biomarker profiles, a pattern that is in line with reports from population-based studies on the relationships between BMI and biomarkers.
Gene expression Of the 174 pairs who were discordant at blood draw, whole blood gene expression data were available for 120 pairs. None of the probe sets identified a difference in expression between discordant twins reaching genome-wide significance (FDR q-values 40.05, for the top 100 probes; see Supplementary  Table S3) , and discordant twins also showed no difference in the expression of BMI candidate genes from a genome-wide association study (Supplementary Table S3 ). GO enrichment analysis based on P-value rank from the gene expression comparison of discordant twins highlighted significant enrichment of a number of GO terms (FDR q-value o 0.05) related to broad metabolic categories (for example, regulation of metabolic process, cellular macromolecule metabolic process), suggesting that BMI discordance is associated with small but widespread differences in the expression in blood of genes related to metabolism (Supplementary Table S3 ). Other GO processes significantly enriched among high ranking genes included hepatocyte differentiation and negative regulation of type I interferon production, and enriched GO components included Golgi apparatus, NLRP3 inflammasome complex and mitochondrial outer membrane, among others.
Biomarkers and gene expression related to prolonged BMI discordance To examine the biomarker and gene expression differences related to long-term BMI discordance, we studied a sub-group of 17 pairs who had a BMI difference ⩾ 3 at all NTR projects in which they participated (3-5 time points, stretching on average 6.4 years, range 3-12 years; Figures 2b and c) . These pairs showed similar differences in blood biomarkers (Table 3 , last three columns), although not all effects were statistically significant in this smaller sample. For 10 of the 14 biomarkers, the effect size was larger in longitudinally discordant pairs than in the total group of pairs who were BMI discordant at blood draw (Supplementary Figure S1 ). This pattern was the strongest for fibrinogen (mean difference in all discordant pairs = 0.2 g l − 1 , P = 2.2 × 10 − 3 ; mean difference in longitudinally discordant pairs = 0.7 g l Table S4 ), which were available for a subset of nine longitudinally discordant pairs, revealed no genome-wide significant differences for individual probe sets, and no significant GO terms were found. Longitudinally discordant pairs also showed no difference in the expression of candidate genes for BMI. Effect sizes for genome-wide probe sets (mean difference in the expression of the heavier twin-leaner twin) were moderately correlated with the effect sizes observed in all discordant pairs (r = 0.31, P o 0.001, Supplementary Figure S2) , suggesting partial correspondence of gene expression effects in all discordant pairs versus longitudinally discordant pairs.
Blood biomarkers and gene expression before onset of BMI discordance Finally, we examined whether differences in molecular profiles precede BMI discordance by studying 33 MZ pairs who were not yet discordant at blood draw but who became discordant afterwards (mean = 3.1 years after blood draw, range 1-6, Figure 1f ). When first identified as discordant, the heavier and leaner twins had mean BMIs of 27.1 and 23.0 kg m − 2 , respectively, while their BMIs were, on average, 24.9 and 23.8 kg m − 2 , respectively, when blood samples were collected. Prior to BMI discordance, none of the blood biomarkers differed significantly (Table 4) . A comparison of the effect sizes in the three groups illustrates that within-pair differences were the largest for most biomarkers in the longitudinally discordant pairs, whereas they were the smallest in MZ pairs before BMI discordance (Supplementary Figure S1) , suggesting that the adverse blood profile observed in heavier twins from BMI-discordant pairs (Table 3 ) represents a consequence of the higher BMI. No significant differences in gene expression (data available for 20 pairs) were evident in MZ pairs before BMI discordance (Supplementary Table S5 ). Even though not statistically significant, we explored whether genome-wide expression differences between twins before discordance (n twins pairs = 20) were of comparable magnitude as the expression differences observed between twins during discordance (n twin pairs = 120). We computed the correlation between effect sizes observed before and during discordance (where effect sizes refer to the mean expression differences at 44 241 probe sets between the heavier and leaner twin). This correlation (r = − 0.04, P o 0.001, Supplementary Figure S3 ) indicated that MZ twins do not exhibit comparable differences in gene expression prior to BMI discordance as observed during BMI discordance.
DISCUSSION
We described longitudinal BMI data collected between 1991 and 2011 in adolescent and adult MZ twin pairs to examine the prevalence of BMI discordance (defined as ΔBMI ⩾ 3 kg m − 2 ) in genetically identical individuals and its development over time and examined possible associations of BMI discordance with discordance in lifestyle factors, biomarkers and gene expression profiles. The majority of MZ twin pairs was highly concordant for BMI, but temporary differences in BMI were not uncommon, particularly when mean BMI increased at higher ages. However, when followed over time, only a minority of MZ twins stayed discordant for a prolonged time period. Of the pairs who were identified as discordant at any NTR project, 55.4% were no longer discordant after a period of, on average, 3 years, and in a group of 699 MZ twin pairs who participated ⩾ 3 times in longitudinal NTR projects (including the NTR biobank), only 17 pairs (2.4%) were discordant at all time points (over a period of, on average, 6.5 years). These findings illustrate the difficulty to find long-term BMIdiscordant MZ twins and suggest that BMI discordance is generally not a stable characteristic of MZ twins. This observation carries an important message regarding the etiology of BMI: the fact that large differences in BMI in most MZ twin pairs do not last long emphasizes the important impact of genetic influences on weight regulation. Based on our findings and previous reports of convergence among initially BMI-discordant pairs, 14 we conclude that genetically identical individuals who exhibit stable lifetime BMI discordance will be very rare.
The fact that (temporary) BMI discordance in MZ twins nonetheless occurs highlights the role of non-genetic influences on BMI. We found that food intake, assessed by asking each twin which of them eats most, showed the strongest difference between BMI-discordant twins of the lifestyle variables and found no difference in self-reported frequency of leisure time exercise. This finding suggests that large BMI differences between genetically identical subjects are more strongly related to food intake than to current voluntary exercise participation. A limitation of our study is that the assessment of relative food intake, as well as other lifestyle measures and a subset of our BMI data, were based on self-report. The comparison of relative food intake among co-twins in particular might be biased by the twin's perception of their weight difference. Nonetheless, it has also been reported that self-report of twins about their relative food intake may provide more reliable information with regard to which twin eats most in comparison to self-report of absolute food intake. Thus, in a previous study of obesity-discordant twins that assessed three measures: self-reported absolute food intake, selfreported relative food intake of twins, and measured energy turnover (using double-labeled water technology), it was found that discordant twins showed no difference in self-reported absolute food intake (because obese twins tended to under-report their own energy intake, as suggested by data on measured energy intake). By contrast, the data on self-reported relative intake for several types of food (which twin eats most) corresponded well with predicted relative food intake of twins based on their difference in measured energy intake. 53 We found that convergence of the BMIs of initially discordant twins was related to both weight gain of the leaner twins and weight loss of the heavier twins, but an interesting question that remains to be examined by future studies is to which extent becoming BMI-discordant and converging after discordance in MZ twins is due to intentional efforts to lose or gain weight in one of the twins. Previous studies have shown that, after weight loss following caloric restriction or an increase in physical exercise, most individuals tend to regain the lost weight. 54, 55 In addition to the difficulty to lose weight, 'overeating' experiments have shown that most lean subjects eventually return to their original weight following diet-induced weight gain. 56 This tendency of individuals to return to a certain 'set-point' of body weight has been attributed to homeostatic regulation of body fat mass, which triggers, for example, compensatory responses (for example, increased appetite and energy efficiency) when the brain senses a reduction of energy stores through changes in circulating levels of adipocyte-secreted signals such as the hormone leptin. 57 Genetic regulation of this homeostatic system may explain our observation that most MZ twin pairs eventually converge to a similar BMI, after a period of discordance.
We observed that BMI discordance occurred more frequently among heavier twins. A significant relationship between the mean trait value of MZ co-twins and the difference of that trait between co-twins may reflect genotype-by-environment interaction. 58 When the impact of environmental influences on BMI depends on the genetic vulnerability of the twins, MZ twins who are highly vulnerable to the impact of environmental influences that promote weight gain (as reflected by a high mean BMI of cotwins) are expected to show the largest divergence in response to unequal environmental exposures. A second possible explanation is that the BMI of heavier persons may fluctuate more, because ) or N (%). Characteristics of MZ twin pairs who were concordant for BMI (ΔBMI o3) at blood draw and at all time points of participation prior to blood draw but who became discordant (ΔBMI ⩾ 3) ⩾ 1 year after blood draw. The selection procedure of these twins is illustrated in Figure 1f . All characteristics in this table refer to data collected at the moment of blood draw (when the twins were concordant for BMI), except for birth weight (based on data from multiple longitudinal surveys), the classification of 'heavier' and 'leaner' twins (which is based on the moment when twins were discordant) and variables marked with 'a' . a Characteristics based on information collected ⩾ 1 year after blood draw (range 1-6, mean = 3.1 years); this is the time point at which the BMI difference of these twins first passed the threshold of discordance (ΔBMI ⩾3).
people often respond to weight gain by efforts to lose weight (for example, by going on a diet). Unless such fluctuations in BMI occur at exactly the same time in MZ co-twins, they will lead to the observation of a greater percentage of discordant pairs in the higher BMI range. Finally, the larger percentage of BMI discordance among heavier twins might be related to the pathogenesis of obesity. Obesity is associated with a deterioration of homeostatic weight regulation. 59 It could thus be hypothesized that increasing variation of BMI between MZ co-twins in the higher BMI range is related to the decreasing capacity of the twins' bodies to regulate body weight after repeated weight gain.
It is well established that obesity is associated with adverse changes in the blood levels of biomarkers that are reflective of an increased risk of developing cardiovascular disease and type 2 diabetes. These markers include dysregulated blood lipid levels and glucose homeostasis, and a pro-inflammatory state. Studying variation in these markers in BMI-discordant twins has the advantage that genetic pleiotropy is ruled out as a potential explanation for the association by design. If the association between a higher BMI and adverse blood biomarkers in the population would solely exist because genetic variants that predispose to a high BMI also cause the adverse changes in biomarkers, MZ twins who are discordant for BMI should show equal levels of these biomarkers because MZ twins have the same genetic vulnerability. However, we found that MZ twin pairs who were discordant at the moment of blood draw exhibited significant differences in all metabolic biomarkers (with the heavier twin having an unfavorable metabolic profile) and heavier twins had significantly higher blood levels of IL-6, soluble IL-6 receptor, C-reactive protein and gamma glutamyl transferase. Effect sizes ranged from a 0.14 s.d. increase in IL-6 levels in the heavier twins to a 1.1 s.d. increase in insulin. Differences in biomarkers were more pronounced in twins with longitudinal evidence for discordance with effect sizes ranging up to a 2.3 s.d. increase in C-reactive protein in heavier twins of longitudinally discordant pairs. To illustrate the meaning of these differences, we assessed whether individuals had elevated fasting levels of triglycerides or glucose or reduced levels of HDL cholesterolaccording to the revised criteria from the National Cholesterol Education Program's Adult Treatment Panel III. 60 Of all the discordant pairs, 35.7% of heavier twins versus 22.4% of leaner twins had elevated fasting glucose levels (or used glucoselowering medication), 31.4% of heavier twins versus 16.0% of leaner twins had high triglyceride levels (or used lipid-lowering medication) and 40.8% of heavier twins versus 30.8% of leaner twins had low HDL levels (or used lipid-lowering medication). Of the longitudinally discordant pairs, the percentages were as follows: elevated glucose: 41.2% of heavier twins and 12.5% of leaner twins; elevated triglycerides: 37.5% of heavier twins and 6.7% of leaner twins; and low HDL levels: 43.8% of heavier twins and 26.7% of leaner twins. Importantly, MZ pairs who became discordant after blood draw showed no significant differences in biomarker levels prior to BMI discordance. This pattern suggests that adverse changes in these biomarkers are caused by a change in weight and worsen over time as a consequence of larger adiposity in the heavier twins from discordant MZ pairs. The fact that no differences in biological markers were present in genetically identical subjects before their weight difference emerged highlights that these biomarkers are not predictive of BMI but that a high BMI is driving unfavorable changes in these biomarkers.
Although MZ twins share the same genome, it is possible that, in addition to differences in lifestyle, differences in the regulation of genes between twins may contribute to differences in their BMIs. Although we noticed significant enrichment of various GO terms among genes with a stronger expression difference in 120 discordant pairs, highlighting metabolic regulation and processes that have been previously linked to the pathogenesis of obesity (for example, type I interferon signaling 61 and NLRP3 inflammasome complex 62 ), we found no statistically significant associations for the expression level of individual probe sets with BMI discordance. We next zoomed in to a set of candidate genes for BMI that were identified through genome-wide association analysis of BMI, which implies that genetic variants (singlenucleotide polymorphisms) in or nearby these genes are associated with variation in BMI in the population. As genetic variation at these loci is shared within MZ pairs, differences in the expression between BMI-discordant twins would indicate a role of environmental influences or epigenetic mechanisms in the regulation of these genes. Yet, we did not find differences in the expression of these well-established BMI loci, thus finding no evidence for BMI discordance being the result of differential gene regulation; however, we only studied gene expression in peripheral blood, and it is possible that causal regulatory pathways underlying BMI discordance are confined to other tissues. Of note, previous studies have reported differences in the expression of candidate genes related to, for example, lipid metabolism in peripheral blood between overweight versus normal weight children 63 and between at-risk obese versus metabolically healthy obese adult individuals. 64 In conclusion, the prevalence of BMI discordance in MZ pairs is low and ranged from 3.2% in 1991 (mean age = 17, s.d. = 2.4) to 17.4% in 2009 (mean age = 35, s.d. = 15). Only 2.4% of MZ pairs showed a stable long-term difference in BMI (3-5 time points, average range 6.5 years). Comparing the heavier and leaner twins, we found significant differences in self-reported food intake relative to the co-twin and found clinically meaningful differences in metabolic and inflammatory biomarkers that arise as a consequence of the difference in adiposity and that are more pronounced in long-term discordant pairs. Other lifestyle variables such as smoking, voluntary exercise and gene expression did not differ between the heavier and leaner twins.
